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Abstract Data in the literature on the effect of grain size
from micrometers to nanometers on the flow stress, dislo-
cation density, apparent activation volume and strain rate
sensitivity parameters for Cu are analyzed to determine the
rate-controlling mechanism. Accord occurs for the inter-
section of dislocations over the entire grain size range from
10 nm to 150 pm. The dislocation density and its structure
and the related Friedel factor are important parameters.

Introduction

Three grain size (GS) regimes have been identified in the
effect of GS (d) on the plastic deformation flow stress (o)
of FCC metals at low homologous temperatures; see Fig. 1.
Grain size hardening occurs in Regimes I and II, GS
softening in Regime III. The transition from I to II
(d ~ 0.5 um) occurs when the predicted size of the dis-
location cells which develop in Regime I becomes larger
than the existing GS, the transition from II to III
(d ~ 10 nm) when the dislocation elastic interaction
spacing is larger than the GS. Because of the high stresses
which occur at the II-1III transition, a significant number of
stacking faults and twins may develop when d = 10—
50 nm [2, 3]. Important regarding the mechanical proper-
ties of nanocrystalline metals (d = 10-100 nm) is a
knowledge of the mechanism(s) governing their plastic
deformation kinetics, i.e., the effects of strain rate £ and
temperature 7 on the flow stress o.
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It is generally considered that the intersection of dislo-
cations is rate-controlling in Regime 1. Two rate-control-
ling mechanisms, which are based on the stress
concentration due fo the pile-up of dislocations at the grain
boundary, have been proposed for FCC metals with GS in
Regime II: (a) generation of dislocations in the adjacent
grain by cross-slip [4-6] and (b) grain boundary shear [7—
9]. The finding which led to the latter mechanism was the
observed “anomalous” increase in the apparent activation
volume v = kT01n ¢/00 with decrease in temperature (and
the corresponding increase in o) in ultrafine-grained Cu
[10-12]. However, as shown in [13] an anomalous increase
in v can also occur if the rate-controlling mechanism in the
submicron GS range is the intersection of dislocations in
the grain interior. The objective of the present paper was
therefore to examine further the idea that the rate-con-
trolling mechanism in FCC metals with a submicron grain
size (including nanocrystalline) is the intersection of dis-
locations. Cu was chosen for the study because pertinent
data have become available for this metal.

Analysis and discussion

There exists considerable evidence that the rate-controlling
mechanism at low homologous temperatures and modest
strains and strain rates in FCC metals with GS in the
micron range is the intersection of dislocations [14, 15].
The resolved shear strain rate for this mechanism is given
by

7 = pmb’vp exp <—Af—T(T)) (1)

where p,, is the mobile dislocation density, b the Burgers
vector, vp the Debye frequency and AG(t) the Gibbs free
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Fig. 1 Modulus-normalized flow stress o/u vs. the Burgers vector-
normalized grain size d/b for the plastic deformation of Ag, Au, and
Cu at 300 K. From Conrad and Jung [1]

energy, which is a decreasing function of the applied
resolved shear stress 1. Neglecting the bowing of
dislocations due to their line tension, the activation
volume for the process is [16]

dlnj
V' = —0AG/dt = I'bx* = kT aI; 7
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where [* is the dislocation forest contact spacing along the
gliding dislocations, x* the thermally activated intersection
distance, 7 the resolved shear rate and M =~ 3 the Taylor
orientation factor and v =kT0Iné/0c the apparent
activation volume. Further, in the micrometer GS range it
has been established that the flow stress is proportional to
the dislocation density according to [14, 17]

T =oubp'? = /M (3)

where u is the shear modulus, p the total dislocation den-
sity and & &~ 0.3. The direct proportionality between t and
p'"? indicates that dislocations are responsible for both the
long-range and short-range obstacles to dislocation motion.

In keeping with the mechanisms proposed for the effect

GS on p, namely p = f/bd [18-21], Fig. 2 presents a plot
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Fig. 2 The dislocation density p in Cu (strain ¢ =~ 0.10) vs. the
reciprocal of the grain size d~' showing three regions. Open circle
region A, filled circle region B, and times region C. Data from
[17, 22-32]
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Fig. 3 Modulus-normalized flow stress of Cu with grain size from
d = 150 pm down to 10 nm vs. the square root of the dislocation
density. Open data points are for d > 200 nm, filled for d < 200 nm.
Data from [17, 22-32]

of p vs. d~'. Three regions (A, B, and C) are indicated. The
slope of line A(1.0b™") is in accord with the average slip
distance mechanism [19, 20], that of line B(0.2b*1) with
the geometric dislocations mechanism [21] and that of line
C with the GB ledge mechanism [18]. To be noted is that p
increases with decrease d in the submicron GS range as
well as in the micron range.

The plot of o/u vs. p'* in Fig. 3 includes data covering
the entire GS range from 10 nm to 150 pm. The fit to a
single line through the origin suggests that the same
mechanism is rate-controlling in the submicron GS range
as in the micron range. Moreover, the direct proportionality
between o/u and p'? (with slope giving « = 0.33) is in
accord with the intersection of dislocations as the rate-
controlling mechanism for the entire GS range.

That a single mechanism is rate-controlling over the
entire GS range comprising Regimes I and II is further
indicated by the variation of the product vmp'? as a
function of grain size, where m = 0lng/Iné is the so-
called “strain rate sensitivity parameter”. Rearranging the
equation for m and multiplying both sides by kT one
obtains
kT
=Y (4)
Further, substituting Moubp'/? for ¢ and normalizing v by
b’ one obtains

m(v/b*)p'?* = kT /Maub* (5)

Equation 5 gives that at a constant 7 and ¢ the product
m(v/b*)p'/? should be independent of GS if the rate-con-
trolling mechanism remains constant. A plot of this product
vs. d for tests at 300 K is presented in Fig. 4. It is see that
the product is relativity constant over the entire GS range
from 10" to 10* nm. The line through the data points gives
kT /Moub* = 3.7 x 10" m~!, which is in reasonable accord
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Fig. 4 The product mp'?v/b® vs. log d for the plastic deformation of
Cu at 300 K. Data for v and m from [10-15, 33, 34]; those for p from
Fig. 2

with the calculated value 2.3 x 10’ m~' employing Eq. 5,
in view of the fact the data were from a number of sources.

Friedel [35] has pointed out that the dislocation forest
contact spacing /* depends on the dislocation line tension
and the thermal component of the applied stress. Hence, we
will take

I = (®pg) ' * = [0(3p/4)]) ' (6)

where @ is here termed the Friedel factor, py is the average
dislocation forest spacing, and p the total dislocation
density. The fraction % arises from the existence of four
non-parallel slip planes in FCC metals, one being the
specific glide plane under consideration. Substituting Eq. 6
for I* into Eq. 2 gives for the activation distance

o= M0 () 9
b 4

since AG and in turn x* are constant for plastic deformation at
aconstant T'and &, Eq. 7 gives for the variation of ® with GS

®; _ {((v/b3>p'/2>2}2
® (/)0 ),

where the subscripts 1 and 2 refer to two respective GSs.
Taking values of (v/b?) as a function of d from the literature
[10-15, 33, 34] and the corresponding value of p from
Fig. 2, the ratio ®g/®;g,, calculated using Eq. 8 is plotted
vs. log d in Fig. 5. To be noted is that the ratio increases by
two orders of magnitude with decrease in GS from 18 um
to 10 nm. Relatively little change in the ratio occurs
between 18 pwm and 0.5 pm, an order of magnitude jump at
~0.5 pm (transition between GS Regimes I and II), an
irregularity between 500 and 100 nm, followed by a rapid
increase between 100 and 10 nm.

For a uniform density of forest dislocations Friedel [35]
calculated that

I = (2T /b)) (9)

(8)

where I' is the dislocation line tension, /; the average
spacing of the forest dislocations and t* = 1t — 7, is the
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Fig. 5 The Friedel factor ratio ®y/®;g,y, vs. log d for the plastic
deformation of Cu at 300 K

thermal component of the shear stress, 7, being the long-
range thermal component. Taking I = ub?/2, I =
p{l/z = (a,o)*l/2 and t* = ¢t = co/M = cpbp"*IM and
inserting into Eq. 9 one obtains

I' = (M/ac) Pp~'% = (0gp) ™" (10)

where p is the total dislocation density, a and ¢ are pro-
portionality constants which can vary with dislocation
density and structure and @ is the corresponding Friedel
factor. Taking a = 3/4 and ¢ = 1/3 [15] and inserting these
values into Eq. 10 gives ®r = 0.19 for a uniform forest
dislocation distribution. The dislocation structure which
resembles that considered by Friedel (namely, a relatively
uniform dislocation density) is that which occurs with
d = 100-500 nm. Inserting ®r =0.19 and the corre-
sponding values of v/b> and p'? from the literature into
Eq. 7 gives x*/b = 0.32-0.38 for this grain size range,
which value is reasonable for the intersection of dislocation
in Cu [15].

Of further interest is the magnitude of the total force f
required for the intersection process, which is given by

S (gl (1)

ub?  ub?

Taking M = 3 and @ = 0.19, Eq. 11 gives fiub* = 0.76.
The force can also be determined from the work AW
performed by the applied stress during the intersection
process, which is given by

AW = fx* = oo =kT/m (12)
Rearranging Eq. 12 gives

f kT

S 13
ub?  mx*ub? (13)

Taking m = 0.018 (the average value for d = 100—
500 nm) from the literature and x* = 0.35, and inserting
into Eq. 13 gives f = 0.93, which is in reasonable accord
with that obtained using Eq. 11. Further taking t* = 1/3
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for Cu deformed at 300 K [15], one obtains 57 =0.28 —
0.31, which along with the values of x* are reasonable for
the intersection of dislocations in Cu [14, 15, 35-37].

The above analysis gives that the intersection of dislo-
cations is the rate-controlling mechanism in both GS
Regimes I and II. There then exists the need to explain the
anomalous increase in v which occurs with decrease in
deformation temperature (or increase in ¢) in Cu with GS
in Regime II [10-12], compared to the decrease in v nor-
mally obtained for FCC metals with GS in the micron
range [14, 15]. According to Eq. 2 an increase in v can
result from an increase in either /* or x*, with the former
being the more likely. According to Eq. 6 an increase in [*
will occur if either ® or p decrease. The reduction in ®
with decrease in GS between 500 and 100 nm shown in
Fig. 5 could contribute to the increase in the slope dv/do
with decrease in d reported for this GS range [12]. Further,
a decrease in p with decrease in temperature can occur if
the dislocation multiplication is a thermally activated
process, such as for example by double cross-slip. Needed
for further resolution of the question regarding the anom-
alous increase in v are observations and measurements on
the dislocation density and arrangement (structure) in Cu
with d = 200-500 nm.

Summary and conclusions

The existing plastic deformation kinetics data in the liter-
ature on Cu are in accord with the intersection of dislo-
cations as the rate-controlling mechanism over the entire
grain size range from micrometers down to 10 nm. It is
expected this applies as well to other FCC metals. The
increase in the dislocation density with decrease in GS and
the related Friedel factor are important considerations. It is
suggested that the anomalous increase in the apparent
activation volume with decrease in temperature, or stress,
observed in Cu specimens with a submicron grain size can
result from either a reduction in the thermally generated
dislocation density, or from a decrease in the Friedel factor.
Observations and measurements of the dislocation density
and structure in the submicron grain size regime are needed
to validate this suggestion.
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